Neurons synthesizing the neurotransmitter dopamine exert crucial functions in the mammalian brain. The biggest and most important population of dopamine-synthesizing neurons is located in the mammalian ventral midbrain, and controls and modulates the execution of motor, cognitive, affective, motivational, and rewarding behaviours.
Introduction
Dopamine (DA)-synthesizing neurons arise in different regions of the mammalian forebrain and midbrain. However, the biggest population of dopaminergic (DA) neurons is found in two nuclei, the Substantia nigra pars compacta (SNc) or A9 group and the Ventral tegmental area (VTA) or A10 group, and in the Retrorubral field (RrF or A8 group) located in the ventral midbrain (VM) (Bjorklund and Dunnett, 2007) . The SNc DA neurons are involved in the control and modulation of voluntary movements and habit learning; their loss in the human brain therefore leads to the typical motor symptoms of Parkinson's Disease (PD), including the inability to initiate voluntary movements (akinesia or hypokinesia) and a general body stiffness (rigidity) (Dauer and Przedborski, 2003) . The VTA DA neurons, by contrast, have been mostly implicated in the modulation of cognitive, motivational/rewarding, and emotional/affective behaviours; their improper function underlies several psychiatric disorders such as schizophrenia, addiction, attention deficit/hyperactivity disorders, and depression (Nieoullon, 2002; Hyman et al., 2006; Howes and Kapur, 2009) . Therefore, the SNc and VTA DA neurons have received substantial clinical attention since their discovery. In particular, the prospects of regenerative treatments for neurodegenerative disorders such as PD have fuelled basic research aimed at understanding their generation, survival, and function in the mammalian brain.
It is meanwhile widely accepted that the SNc and VTA DA neurons arise from a progenitor population located in the ventral midline, the so-called floor plate (FP), of the midbrain (mesencephalon) and caudal forebrain (diencephalon) of the developing mammalian embryo (Ono et al., 2007; Bonilla et al., 2008; Joksimovic et al., 2009; Blaess et al., 2011) . This progenitor population and their postmitotic progeny have therefore been subsumed under the name "mesodiencephalic" dopaminergic (mdDA) progenitors/neurons (Smidt and Burbach, 2007) , before they segregate into the distinctive SNc and VTA subpopulations around birth. The caudal limit of the mdDA neuronal population is defined by the boundary between the midbrain and the hindbrain, the so-called mid-/hindbrain boundary (MHB), where one of the most important secondary organizing centres of the mammalian embryo, the isthmic organizer (IsO), is located (Wurst and Bally-Cuif, 2001; Vieira et al., 2010) . One of the earliest discoveries that laid the fundaments for the mdDA neurodevelopmental research field was the finding that two soluble factors, Sonic hedgehog at GSF-Forschungszentrum fuer Umwelt und Gesundheit GmbH -Zentralbibliothek on December 13, 2013 http://jmcb.oxfordjournals.org/ Downloaded from (Shh) and Fibroblast growth factor 8 (Fgf8), secreted from the FP and caudal MHB respectively, and their signalling pathways are both necessary and sufficient for the generation of mdDA neurons in the rodent brain (Hynes et al., 1995a (Hynes et al., , b, 1997 Ye et al., 1998) . However, the pivotal importance of another secreted factor in this context, namely Wingless-related MMTV integration site 1 (Wnt1), was only recognized almost a decade later (Castelo-Branco et al., 2003; Prakash et al., 2006) . This is even more surprising in view of the fact that Wnt1 exhibits a very specific expression within the mdDA domain of the developing murine VM (Figure 1 ) (Parr et al., 1993; Brown et al., 2011) . In the meantime, a considerable number of reports were published emphasizing the importance of Wnt1 in the development of mdDA neurons in vivo and in vitro, but also in their survival and neuroprotection in the adult brain. Here, we review the earliest to latest findings regarding the role of this secreted factor in mdDA neuron development, including its control of meanwhile well-established genetic networks that are required for the proper generation and survival of the mdDA neuronal population in the mammalian VM. mdDA neurons are derived from Wnt1-expressing progenitors/precursors in the mouse VM Wnt1 transcription in the midgestational mouse embryo encompasses a ring-like domain in the caudal midbrain at the anterior (rostral) border of the MHB, the dorsal midline of the diencephalon, mesencephalon, caudal hindbrain (rhombencephalon), and spinal cord, and two parallel and wedge-shaped stripes that spare the medial FP along the VM and converge in the midline (the medial FP) of the caudal diencephalon (Parr et al., 1993; Brown et al., 2011) . This unique expression pattern in the murine VM already suggested some functional implication of Wnt1 in the development of neuronal populations arising from this or nearby locations ( Figure 1 ). Wnt1 is a hydrophobic, lipid-modified glycoprotein that is secreted from the cell surface in a highly regulated manner (Mikels and Nusse, 2006) . It is therefore still unclear whether and how the secreted Wnt1 diffuses or is actively transported over longer distances in the mammalian VM and how far it can actually reach in this context (Mikels and Nusse, 2006) , making it difficult to determine the extent and the identity of the VM cells that may receive a Wnt1 signal during embryonic development. Hence, a safe attempt is to determine the fate of Wnt1-expressing cells in the VM of the developing mouse embryo. Initial data indicated that at least a subset of the mdDA neurons is derived from progenitor cells expressing Wnt1 in the VM and at the MHB (Zervas et al., 2004) . Using a transgenic mouse line expressing a fluorescent reporter protein under the control of Wnt1 regulatory sequences and a so-called genetic inducible fate-mapping approach, a subsequent and more detailed analysis by the same group revealed that Wnt1-expressing progenitors in the murine VM give rise to the three mdDA neuronal groups (SNc, VTA, and RrF) throughout development (Brown et al., 2011) . Interestingly, the Wnt1-derived progeny contributes predominantly to the mdDA neurons and to a clearly lesser and time-restricted extent to other neuronal populations found in the mammalian VM (Brown et al., 2011) . Altogether, the initial and more recent findings confirm that postmitotic mdDA neurons belonging to all three mdDA neuronal subsets (SNc, VTA, and RrF) are indeed derived from Wnt1-expressing neural progenitors located in the murine VM.
Wnt1 is necessary and sufficient for the generation of mdDA neurons in the mouse
The crucial function of Wnt1 in the generation of mdDA neurons was revealed by a series of gain-of-function (GOF) and loss-of-function (LOF) experiments in the mouse embryo and in vitro cultured VM cells (Castelo-Branco et al., 2003; Prakash et al., 2006; Andersson et al., 2013) . In transgenic En1 +/Wnt1 knock-in mice, in which the Wnt1 cDNA was inserted into the murine Engrailed 1 (En1) locus, Wnt1 expression is expanded across the MHB anteriorly into the caudal midbrain and posteriorly into the rostral hindbrain ( Figure 2 ) (Panhuysen et al., 2004) . The ectopic expression of Wnt1 in the En1 +/Wnt1 mice results in the ectopic generation of mdDA precursors and neurons exclusively in the rostral hindbrain FP but not in the other
Wnt1-expressing regions of the transgenic brain (Prakash et al., 2006) . The exact reason for this specificity is not known at present, but it might be related to the ectopic induction of the homeodomain (HD) transcription factor (TF) orthodenticle homolog 2 (Otx2) (see below) and the presence of Shh in this region of the transgenic brain (Hynes et al., 1997; Prakash et al., 2006) . Conversely, the lack of functional Wnt1 in the brain of Wnt1
swaying mutant, and Wnt1 conditional KO (cKO) mice leads in nearly all cases (see Figure 2) to a strong reduction of mdDA progenitors and precursors, and later an almost complete loss of mdDA neurons in the mutant VM (Prakash et al., 2006; Ellisor et al., 2012; Andersson et al., 2013; Yang et al., 2013) . This loss affects both the SNc and the VTA DA neurons that would normally arise from the midbrain FP, but some ectopically positioned mdDA neurons are found instead in the lateral midbrain (basal plate, BP) adjacent to the FP/mdDA domain of the Wnt1 mutant (LOF) mice ( Figure 2 ) (Ellisor et al., 2012; Andersson et al., 2013; Yang et al., 2013) . The reason for this latter observation remains unclear. Furthermore, mdDA
neurons cannot be induced in explant cultures of the anterior neural plate in the absence of Wnt1 (Wnt1 -/-explants), even though Shh and Fgf8 are present in these explants (Ye et al., 1998; Prakash et al., 2006) . Finally, the treatment of primary cell cultures from the rodent VM with partially purified Wnt1 protein increases the proliferation and subsequent differentiation of VM progenitor cells into DA neurons (Castelo-Branco et al., 2003; Tang et al., 2010) . Altogether, these findings indicate that Wnt1 is both necessary and sufficient for the generation of endogenous and ectopic mdDA neurons in the developing mouse brain, independently of Fgf8 and Shh.
In the En1 +/Wnt1 knock-in mice, the induction of ectopic mdDA precursors expressing typical markers for these cells, such as the orphan nuclear receptor subfamily 4, group A, member 2 (Nr4a2, also known as Nurr1) and the retinoic acid (RA)-synthesizing enzyme Aldehyde dehydrogenase family 1, subfamily A1 (Aldh1a1, also known as Ahd2 or Raldh1) (Wallen et al., 1999) , and their subsequent differentiation into postmitotic mdDA neurons expressing the mdDA-specific HD TF paired-like homeodomain transcription factor 3 (Pitx3) (Smidt et al., 1997) and the rate-limiting enzyme for DA synthesis, Tyrosine hydroxylase (Th), is delayed by ～1 day in the rostral hindbrain as compared with their endogenous counterparts in the VM (Prakash et al., 2006) . This observation strongly suggested that a genetic network downstream of the ectopic Wnt1 had to be activated prior to the ectopic induction of mdDA progenitors and precursors in this region of the En1 +/Wnt1 mutant brain. It was therefore of upmost interest to unravel the signalling and genetic cascade downstream of Wnt1 that controls the generation of mdDA neurons at endogenous and ectopic sites of the mouse brain.
In this context, mouse mutants for the Wnt receptor Frizzled 3 (Fzd3 -/-KO mice), which is prominently expressed in the murine VM (Fischer et al., 2007) , and for the Wnt coreceptor Low density lipoprotein receptor-related protein 6 (Lrp6 -/-KO mice), which is also An initial and notable observation was that the ectopic expression of Wnt1 and the ectopic induction of mdDA precursors in the rostral hindbrain FP of the En1 +/Wnt1 knock-in mice, coincided with the ectopic expression of the HD TF Otx2 in this region of the mutant brain (Prakash et al., 2006) . In line with this observation, the ectopic expression of Otx2 in the hindbrain FP is sufficient for the ectopic induction of mdDA neurons in this region (Ono et al., 2007) . Otx2 transcription is normally confined to neural tissues lying anterior (rostral) to the MHB. In fact, Otx2 is necessary for the development of anterior brain structures including the midbrain, and the mutual repression between Otx2 (expressed in the fore-and midbrain) and another HD TF, gastrulation brain homeobox 2 (Gbx2, expressed in the rostral hindbrain (rhombomere 1)), establishes an expression interface that determines the position of the MHB and IsO within the developing neural plate (Simeone, 2000 (Simeone, , 2011 Vieira et al., 2010) . Consistent with this notion, the ectopic Otx2 represses the endogenous expression of Gbx2 in the En1 +/Wnt1 rostral hindbrain FP. In the wild-type mouse, serotonin-producing (serotonergic, 5-HT) neurons arise from a bilateral domain adjacent to the rostral hindbrain FP that expresses the HD TF NK2 homeobox 2 (Nkx2-2) (Craven et al., 2004) . In the En1 Altogether, the data summarized in this section demonstrate that the cross-regulation of Wnt1 and Otx2 is necessary and sufficient for the establishment of the mdDA progenitor domain in the midbrain FP of the pre-midgestational mouse embryo ( Figure 3A ). Most importantly, they show that Otx2 is another important factor acting up-and downstream of Wnt1 in this context, and they corroborate the idea that mdDA neurons are not generated in the absence of Wnt1, highlighting the pivotal role of Wnt1 in the development of these neurons.
Wnt1 regulates a transcriptional network including Lmx1a and Pitx3 required for the proper differentiation and survival of mdDA neurons
Apart from the early function of Wnt1 in the establishment of the mdDA progenitor domain summarized in the previous section, Wnt1 also plays a role in the later differentiation of these progenitors into mdDA neurons. expression of Wnt1 also correlates with the impaired generation of mdDA neurons and the reduced/abolished or ectopic/increased expression, respectively, of a number of genes in the mutant VM. Among these genes are the HD TFs LIM homeobox transcription factor 1 alpha (Lmx1a), Pitx3, and msh homeobox 1 (Msx1), and the proneural basic helix-loop-helix (bHLH) TFs neurogenin 2 (Neurog2, also known as Ngn2) and achaete-scute complex homolog 1 (Ascl1, also known as Mash1) (Prakash et al., 2006; Omodei et al., 2008; Andersson et al., 2013; Yang et al., 2013; our unpublished data) , suggesting that they are direct or indirect targets of the Wnt1 signalling pathway in the murine VM.
In support of this notion, the overexpression of Wnt1 in differentiating mouse pluripotent (embryonic) stem cells strongly induces the transcription of Lmx1a and, to a lesser extent, Otx2 and Pitx3 (Chung et al., 2009 (Chung et al., 2009 ). This study also disclosed a cross-activation of the Lmx1a and Lmx1b promoters by Lmx1b and Lmx1a, respectively, and the self-activation of the Lmx1a promoter, thereby substantiating the functional redundancy between the two orthologue Lmx1 TFs (Chung et al., 2009 ).
The aforementioned direct and indirect Wnt1 target genes are in turn required for the proper neurogenesis and differentiation of mdDA neurons (Smidt and Burbach, 2007; Hegarty et al., 2013) . Lmx1a and Msx1 are sufficient for the ectopic induction of mdDA neurons in the chicken and mouse embryo, respectively, and necessary for the generation of a subset comprising ～30%-40% of all mdDA neurons in the murine VM (Andersson et al., 2006b; Ono et al., 2007; Nakatani et al., 2010; Deng et al., 2011; Yan et al., 2011) . In the latter context, Lmx1a acts in a redundant manner with Lmx1b (Deng et al., 2011; Yan et al., 2011) . Notably, the expression of Wnt1, Ccnd1, Msx1, Neurog2, and Ascl1 is reduced in a dose-dependent manner in the midbrain FP of Lmx1a/Lmx1b single and double mutant (KO) mice (Deng et al., 2011; Yan et al., 2011) , confirming that these are direct and indirect target genes of the Lmx1a/b TFs. Pitx3 is particularly important for the generation and survival of rostrolateral mdDA precursors giving rise to the SNc DA neuron subset (Hwang et al., 2003; Nunes et al., 2003; van den Munckhof et al., 2003; Smidt et al., 2004; Maxwell et al., 2005) .
In this context, Pitx3 induces the transcription of brain-derived neurotrophic factor (Bdnf) and cooperates with the nuclear receptor Nr4a2 (Nurr1) for the activation of a number of target genes (Jacobs et al., 2007 (Jacobs et al., , 2009a Peng et al., 2011) . These include the RA-synthesizing enzyme Aldh1a1 and enzymes, transporters, and receptors involved in DA metabolism, such as Th, the vesicular monoamine transporter 2 (Vmat2, also known as Slc18a2, required for the synaptic vesicle packaging of DA), Dat (Slc6a3, required for the reuptake of extracellular DA), and the DA receptor D2 (Drd2, also known as D2R) (Jacobs et al., 2007 (Jacobs et al., , 2009a . The induction of Aldh1a1 as a Pitx3 target gene and the concomitant production of RA and activation of the RA signalling pathway appear to be important for the transcription of some of the Pitx3 targets, such as Th and Drd2 (Jacobs et al., 2011) . The supplementation of Pitx3 -/-pregnant mice with RA or the treatment of Pitx3 -/-VM primary cell cultures with brain-derived neurotrophic factor (BDNF) rescues the loss of mdDA neurons in these mice or cultures, respectively (Jacobs et al., 2007; Peng et al., 2011) , (Omodei et al., 2008; Di Giovannantonio et al., 2013) , whereas Wnt1/-catenin signalling is also involved directly or indirectly in the control of Pitx3 expression (Prakash et al., 2006; Chung et al., 2009 ), a HD TF that is required in particular for the proper differentiation and survival of the SNc DA neuronal subset (Hwang et al., 2003; Nunes et al., 2003; van den Munckhof et al., 2003; Smidt et al., 2004; Maxwell et al., 2005; Jacobs et al., 2007; Peng et al., 2011) . It therefore remains to be clarified whether the Wnt1-controlled genetic pathways play a general and/or a specific function in the generation of the three (SNc, VTA, and RrF) mdDA neuronal subsets. Finally, the mechanistic details of the Wnt1-activated signal transduction pathway(s), including the receptor(s) and nuclear effector(s) involved in these processes and the identity of all Wnt1 target genes in these contexts, are still not understood. Elucidation of these unknown aspects is particularly important for devising novel cellular (in vitro) disease models of PD, schizophrenia, and addiction, for therapeutic drug screenings using these in vitro models, and for regenerative approaches to the treatment of PD. The latter include the generation of mdDA neurons or more specifically the SNc DA neuronal subset either in vitro in the culture dish by the directed differentiation of pluripotent stem cells, or in situ by the direct conversion (reprogramming) of somatic cells into these neurons (Qiang et al., 2013) . that were reported in Wnt1 swaying (sw/sw) (Ellisor et al., 2012) and En1 +/Cre ;Wnt1 ΔMHB/ΔMHB (Yang et al., 2013) embryos are omitted in the schematics.
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